Membrane permeability of an epithelial cell junction (Drosophila salivary gland) was examined with intraccllular microclectrodes and with fluorescent tracers. In contrast to the non-junctional cell membrane surface, which has a low permeability to ions (I0 -4 mho/cm2), the junctional membranc surface is highly pcrmcable. In fact, it introduces no substantial restriction to ion flow beyond that in the cytoplasm; the resistance through a chain of cells (150 ~ cm) is only slightly greater than in extrudcd cytoplasm (100 ~ cm). Thc diffusion resistance along thc intcrccllular spacc to the cxtcrior, on thc other hand, is very high. Here, there exists an ion barrier of, at least, 10 4 ~ cm 2. As a result, small ions and fluorescein move rather freely from one cell to the next, but do not leak appreciably through the intercellular space to the exterior. The organ here, rather than the single cell, appears to be the unit of ion environment. The possible underlying structural aspects are discussed.
INTRODUCTION
When cells enter associations, they often attach themselves intimately at their contact surfaces. Since Bizzozero (1870), a wide variety of attachment forms have become known. They include desmosomes, terminal bars, and septate attachments (see 13, 56, 62 , and 75 for a review). Under the electron microscope, the attachments are seen as regions of cell contact at which the cell membranes are closely apposed and sometimes associated with special intracellular (4, 10, 13, 14, 19, 20, 23-25, 27, 30, 32, 39, 42-48, 50-53, 57, 59-61, 63, 68) and extracellular structures (13, 63) . The apposition is particularly close in the case of terminal bars and septate attachments at which the external components of the contact membranes appear to merge (10) or to interconnect (75) . Little is known about the functional aspects of these membrane specializations. Earlier work dealt exclusively with the mechanical function of cell adhesion (cf. 62) .
Only recently have studies been carried out on permeability properties of cell attachments (4, 9-1 l, 32, 33, 41) . These studies were concerned with the attachments as a permeability barrier between the cell exterior and the intercellular space. The possible significance of cell attachments in intercellular permeability has not yet been explored. For example, one would like to know whether the permeability properties at the attachment level are the same as those at the rest of the cell membrane; and, in general, whether the over-all diffusion resistance at the confronting surfaces of neighboring cells is similar to that at the surfaces in direct contact with the cell exterior.
The general conception of the cell membrane as a diffusion barrier is that its resistance is uniformly high over all faces of a given cell. The idea derives chiefly from electrophysiological work with blood and gamete cells, and large nerve and striated muscle fibers. These are, however, a rather special group of cells. The two former are normally unconnected; and the latter are rather loosely associated, have generally wide intercellular spaces, and except for special synaptic contact regions (25, 55 , 55 a, 68 a) and neuroglia contacts (19, 39, 55) have no close cell attachments. This is evident even at the coarse mechanical level. Large nerve and muscle fibers are readily teased apart--a routine practice among neurophysiologists--and continue to function in isolation. It is another matter to attempt to separate cells with attachments. For instance, cells of squamous (epidermis) (6) and cylindrical epithelia (salivary gland ceils, see below) are so strongly bonded that,
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! case of an association of cylindrical epithelial cells, that of salivary gland cells of Drosophila flavorepleta larvae. These cells have attachments of the septate type. The approach consists of driving a current of ions from the interior of one cell to the interior of an adjacent cell, and seeing how much of the current leaks through their contact membranes. It will be shown that the membrane resistance across the contact surface of the cell of the epithelium is so low compared to that of the outer cell surfaces that movement of ions from one cell to the next must be relatively unrestricted. The present paper deals with the electrical measurements and fluorescent tracer studies. Preliminary accounts of these have already appeared (29, 
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,l~. F2 --/-El ~ iiiiiilNH il,iiHii iiiiiiiii -: when the attempt is made to pull them apart, they invariably rupture, and their surface membranes remain adhered at their attachments. Also functionally, the nerve and muscle fibers constitute a rather special group which has adapted to transmit electrical signals without appreciable cross-talk between cell neighbors. This obviously requires an uninterrupted barrier for ion diffusion along the cell surfaces; and, indeed, in these elements, except for certain synaptic (1 a, 5, 15, 15 a, 21, 22, 64, 69-7t; 74) and neuroglia contacts (34) , the surface resistance in the unexcited state is, in general, high and, within the limits of resolution of the ,methods, distributed rather uniformly over all cell surfaces (see, for example, 7, 17, 31 ):
The question raised above is, then, essentially this: Does the attachment affect diffusion from cell to cell? This question is asked here for the 29 a). The second paper of this series deals with the pertinent morphological aspects (73) .
MATERIALS AND METHODS
Salivary gland cells of Drosophila flavorepleta larvae were used throughout the work. The larvae were in the early or midstages of the third instar period of development. During this period the gland cells approach their largest size, have distinct boundaries, and do not divide. All experiments were done at room temperature ranging from 20 to 24°C.
ELECTRICAL MEASUREMENTS: The glands were isolated and mounted in a bath of Shen's solution for micromanipulation under a compound or a stereomicroscope. Three micropipettes of the LingGerard (35) type, filled with 3 IV[ KCI, were inserted into cells and connected in two alternative electrode arrangements (Fig. 1) . In arrangement H, resistance across the contact surface is measured.
Micropipette E1 serves to pass pulses of current across the contact membrane; E2, to record the resulting voltage drop across these membranes; and E3, as a ground electrode in common between the recording and current-passing circuits. In arrangement I, a large Ag-AgC1 electrode (W) serves as common ground lead, and both E2 and E3 record membrane voltages. In this arrangement, attenuation of membrane voltage along a series of cells is measured.
In either arrangement, the current was supplied by a square pulse generator and monitored on one of the beams of an oscilloscope. Voltages were displayed on the second oscilloscope beam. They were fed into a d-c amplifier across an electrometer input stage with a negative-capacity feedback, to compensate for electrode impedance and for stray capacities in the recording system. The grid currents were below 10 -13 amps.
The general procedure was first to use electrode arrangement I, then II, and then I again. In I, the penetration of the cells by the micropipettes was accompanied by the appearance of pulses of membrane voltage of characteristic magnitude. This provided a reliable check, aside from visual observation, that the pipettes were in their desired intracellular position. It provided also two convenient indices of the state of the preparation: in measuring resting potential and membrane impedance across the cell surface membranes, one is supplied with two sensitive means for detecting membrane injury. The micropipettes in arrangement I, and E1 and E2 in II, had tip diameters below 0.5 v, resistances of 10 to 20 Meg f~, and tip junction potentials in Shen's solution of less than 2.5 mv. (For further details, see an earlier paper, 36.) E3 in// had smnewhat larger diameter, and resistance of 1 Meg ~2 or less. Each micropipette was driven by a micromanipulator equipped with an advance mechanism operating in the direction of the pipette axis. This minimized the size of membrane perforations. The cell membrane seemed to seal well around the pipette tip. There were no signs of current leakage upon single, and often even after repeated insertions. Pipette insertions and all related manipulations were done under direct microscopic observation. In good preparations, the cells remained free of opacity and the cell membrane potential and impedance were rather constant for 1 to 2 hours after isolation of the gland. Preparations which developed opacities or showed declines in resting potential of more than 10 per cent in the course of an experiment, or deviated by more than 20 per cent from the normal resting membrane potential and impedance values, were discarded. All experiments were done within ~/~ hour after gland isolation.
FLUORESCEIN INJECTIONS
: For fluorescein injections, we used micropipettes of 5 to 7 # tip diameter filled with a fluorescein-Na (Uranin, Fisher Scientific Co., New York) solution, 10 mM fluoresceinNa in Shen's solution. The micropipettes were connected to a piston. The preparation was placed across a beam of ultraviolet and observed in the dark field of a compound microscope. With the aid of a simple mirror switch, the preparation could be viewed alternately in ultraviolet and in ordinary light without changing the microscope optics.
CELL SEPARATIONS: The experiments of cell separation referred to in the Introduction were done with microneedles and tweezers driven by a set of three micromanipulators. These are functional terms. As so often when attempts are made at relating functional with structural aspects, the subdivisions here of the cell membrane are somewhat arbitrary, and structural limits are not rigorously definable. In the subsequent paper of this series (73) , similar terms are used in a structural sense, and are, therefore, not necessarily coterminous. As to the choice of names, the term "basal membrane" would perhaps have been more appropriate for what we called the "cell surface membrane." We decided not to use this term, to avoid confusion with the basement membrane.
RESULTS

Electrical Measurements
Salivary gland cells of Drosophila flavorepleta larvae offer an unusually favorable material for electrophysiological work on contact membranes. The cells are large, have litde adventitious tissue, and are quite transparent. Typical dimensions of a good-sized cell are: 80 ~, along the length axis of the gland; 150 #, along the gland circumference; and 100 #, in the direction base-to-lumen. The cells are arranged in a single layer of roughly uniform depth. Their outlines, including those of the contact surfaces, are clearly seen in the living cell in phase contrast or in a dark field. The cells are readily impaled with microelectrodes, and it is possible to follow in some detail the progress of the electrodes through the cell interior (Fig. 2). ]?IfiURE ~ Photomicrographs (dark field) of a living, unstained gland. The tips of two mieropipettes (retouched in b to enhance contrast) are seen in one cell. Calibration, 50 #.
Since there are no overlapping cellular extensions beyond a zone of 1 /~ along the contact contours (73) , one can be certain about the position of the electrode tip within a given cell. Fig. 3 illustrates the results of an experiment in which square pulses of current of varying intensity are passed between the extracellular fluid and a microelectrode located in one cell (A); and the resulting changes in m e m b r a n e potential are recorded across the cell surface membranes with electrodes placed inside this cell and in a contiguous one. The changes of potential for any given current value are nearly the same in the two cells. T h e slope of the potential change vs. total input current, which for outward currents amounts to 5 to 4 K~2, decreases only slightly from one cell to the next. The slope falls by two orders of magnitude when the cell surface membrane is ruptured experimentally, or when the electrodes are in direct contact with the cell exterior.
For a longitudinal chain of cells, as in this preparation, carrying steady current, the equivalent circuit may, to a first approximation, be given by Fig. 4.1 The ratio of membrane potential 1 (to avoid unnecessary complication, the approximation disregards the effect of the lumen and neglects the very small resistance through the external medium). change in the first (A) and second (B) cells, for a given circuit, is then:
where rc represents the resistance between the centers of two adjacent cells across their contact membranes; r+, the resistance along the intercellular space to the exterior; and rll , the combination of the cell surface membrane resistance (ro) in cell B in parallel with the entire network to the right. Three things are then immediately clear from the foregoing experiment: (i) The electrical re-sistance across the cell surface membrane is high; (ii) The resistance across the cell contact membrane is much lower than that of the surface membrane; (iii) The resistance along the intercellular space to the cell exterior is much greater than that of the contact membranes.
To the reader unfamiliar with electrophysio- logical problems, these points may perhaps be best made clear by a situation of contrast. Consider, for example, the cases of two adjacent nerve or striated muscle cells in which there is no intercellular coupling. There, the intercellular space is relatively wide, and the resistance along this space low in relation to that of the cell membranes. Current flows then across the resistance of the cell surface membrane (ro, in the diagram of Fig. 4 ) directly into the cell exterior (e), and, part of it, across the contact membrane (re) into the intercellular space (r,), from where it is shunted to the cell exterior. Thus, little current enters the adjacent cell B. As a result, the membrane voltage recorded from inside B is much attenuated. In fact, in many nerve and muscle cells the attenuation is such that membrane voltages become undetectable in an adjacent cell with the ordinary means of amplification.
In the present epithelial cells, there is hardly any voltage attenuation. This behavior, so strikingly different from the familiar picture of nerve and muscle cells, was what originally drew our attention to the problem of cell contacts (36) . Here, obviously, a large fraction of the current flows from cell A into B. This implies that there is no appreciable leakage of current along the intercellular space; the resistance across the contact surface (re) is low compared to that of the intercellular space to the exterior (r,). This is further illustrated by experiments of the kind described in Fig. 5 . Current pulses of constant intensity are passed with an electrode in a fixed position in one cell, and the resulting changes in membrane voltage recorded with a roving electrode from inside cells located at varying distances along the approximately cylindrical portions of the gland. To simplify the analysis, current leakage through the luminal cell surface was minimized by insulating the duct electrically from the Shen fluid bathing the gland exterior. For this purpose, the content of the duct was exchanged with an isotonic aqueous solution of sucrose--a medium of very high resistivity--and the end of the duct was kept in a pool of flowing sucrose. (The sucrose pool was separated from the Shen fluid by a barrier of petroleum jelly. The resistance between duct and gland exterior was measured routinely to check insulation.) As is seen in the experiment of Fig. 5 , the membrane voltage becomes progressively smaller as one records from more distant cells. But the decrement is only of an order one would expect if the gland with its 200 cells were to behave like a cable conductor with a continuous cytoplasmic core bounded solely by an external insulating membrane. In fact, in those cases in which the gland diameter was small in relation to the space constant of voltage decrement, and in which there were no appreciable voltage drops in the radial dimension of the gland, the agreement with cable theory was fairly good (see next section). In a representative case of a gland of 200/~ diameter (data of Fig. 5 ), the space constant was 1.2 mm, which is practically the same as that of squid giant nerve fiber at equivalent diameter (cf. 7) in which, indeed, there are no core septa or obvious leakage pathways. This, once again, shows that the contact membranes offer low resistance to ion flow, and that the diffusion path to the cell exterior along the intercellular space presents a much higher resistance. It also reveals particularly clearly that the surface membrane of the gland cells has the high resistance of nerve and muscle cell membranes.
SURFACE RESISTANCE: The surface resistance may now be evaluated. The resistance network in Fig. 4 is given to account for the steadystate potential distribution in the gland cells due to a constant current supplied by an intracellular electrode. Although introduced with reference to a longitudinal chain of cells, the same kind of network should be equally applicable to the entire gland, since this can be represented by several such chains of cells with their corresponding network elements in parallel.
In the present case, the ratio of the gland diamand by the insulation from the external medium at the other end.
Since the gland length is only 1.3 times the space constant, the (single) exponential expression for the potential distribution, which has been so frequently useful in dealing with nerve and muscle fibers (cf. 18, 12), is not sufficient here. The ex-FIGURE 5 Membrane voltage attenuation along a cell series. Current is passed with an electrode in one cell (length 0 on the abscissae) and the resulting changes in "steady-state" voltage (ordinates) are recorded across the membranes of cells located at varying distances (abscissae) from the current source. Gland duct filled with sucrose to avoid current leakage through the luminal cell surface. Upper inset: camera lucida drawing of the gland epithelium; the crosses denote points of electrode insertion. Lower inset: samples of records of membrane current (upper beam) and membrane voltage (lower beam) at, from left to right, lengths 0, ~00, 800 #. Duration of rectangular pulse of current, 60 mscc.
eter to the space constant of the longitudinal voltage distribution is only 0.16. One may, therefore, neglect radial variation of potential within the gland. We neglect also the field distortion due to the presence of a dielectric (sucrose solution) in the lumen, since the lumen occupies less than 3 per cent of the cross-sectional area over most of the gland length. The external medium, an electrolyte solution grounded through a large electrode, may be considered isopotential. The boundary conditions are specified by the constant internal current source at the end of the gland pression which satisfies the differential equation and the boundary conditions for so short a cable is:
Here, V, the change of potential across the gland surface due to the steady current, is proportional to a hyperbolic cosine function of x, the distance along the gland axis, measured from the position of the current source. Vo is the value of V at x = O.
L is the gland length and X, the space constant.
(Here, of course, X cannot be considered as the length corresponding to attenuation l/e, as in the case of the single exponential expression.) The resistance of unit gland surface Rm is then :
( X V° tanh L ) . (circumference) ,
as shown in the Appendix; Io is the total input current.
ances ranging between 10,000 and 12,000 f~ cm ~.
The values of surface resistance may be compared with the resistance values (uncorrected for membrane infoldings) available for striated muscle (12, 31 c/. 17), nerve (8, 16, 17, 38, 72) and egg cells (28, 37, 66) which range between 1000 and 12000 f~ cm ~.
To make certain that the sucrose treatment in the preceding experiments did not produce substantial alteration in the permeability of the cell membranes, experiments similar to those above were carried out in absence of sucrose. In these In estimating Rm, the gross linear dimensions of the gland were used. Electron micrographs show, however, that the cell surface membrane is infolded (73) and that the mean length of the unfolded membrane is increased by a factor of approximately 5.5. Thus, the apparent value of the gland surface area is to be multiplied by the square of this factor to give the resistance of unit area. The actual surface resistances are thus 11,400; 11,700 f~ cm 2. Three other cases, calculated with less precision than those above, gave resistexperiments, the gland exterior as well as the duct was directly in contact with Shen's solution. The resistance from duct center to exterior was typically around 50 KQ. With the additional leak of the luminal cell surfaces, the voltage attenuation, of course, is more pronounced; but, as is seen in the example of Fig. 6 , the voltage attenuation is still of the same low order as in the preceding experiments.
INTERCELLULAR CONTINUITY : A variation of the above experiments is to flow current direcdy through the cell interiors of adjacent cells (see arrangement H of Methods). In this arrangement, the cell exterior is effectively bypassed as a current path, and current flows from cytoplasm to cytoplasm across the contact surfaces. The gland lies in oil. Resistance is measured over varying distances along a series of cells at the roughly cylindrical portion of the gland. The results of a typical experiment are given in Fig. 7 (gland diameter 200 #). The resistance increases roughly linearly with distance over this range shorter than the space constant. The slope is 0.5 × 108 ~2/cm, which corresponds to a resistivity of 160 ~2 cm. This is merely of an order of resistivity one would expect from a cylinder of cytoplasm in absence thelial cells manifests itself also in another way. If the surface membrane of one cell is injured by experimental or accidental perforations, the resting potential of this cell falls to zero, and, with delays depending on distance, the other cells of the gland follow suit. This is usually accompanied by a visible clouding of the cells which spreads progresdvely over the gland. of cell contact membranes. The resistivity of extruded cytoplasm is 100 $2 cm, not much smaller than that of the cytoplasm-contact membrane complex.
A similar result is obtained if the resistivity (Ri) of the gland core is calculated from the cable model, where :
The data from the experiment illustrated in Fig. 5 give a value of resistivity for the cytoplasm-contact membrane complex (in the axial direction) of 110 ~2 cm, and that from the experiment in Fig. 8 a value of 190 ~2 cm, as against that of 100 f~ cm of extruded cytoplasm. The values of two other glands, calculated with less precision, were 120 and 160 f~ cm.
These results bring out with particular clarity the lack of any substantial barrier between cells. The ionic continuity between epitype illustrated in Fig. 5 is the parallel combination of the cell surface membrane resistance and the intercellular space resistance. Both are clearly of a high order of magnitude. The lower limit for both is the gland surface resistance 104 ~2 cmL But their relative magnitudes are not revealed by the foregoing experiments. In the following experiments, an attempt is made to resolve these components by the use of a method of greater space and voltage resolution, and one which does not Iest on cable properties of the gland alone. The gland duct was filled with sucrose. One micropipette passed current between cytoplasm and the exterior. Another electrode recorded intracellularly the membrane potential change at points along the gland surface as illustrated in Fig. 8 . The size of the cell allowed us to determine the differences of membrane voltage across two successive intervals within the cell and an interval straddling an intercellular gap. The points of electrode insertion lay in the plane of the gland axis, and the depths of insertions were up to 5 /z. The data are given in Table I . As is seen in the two examples of is inserted into one cell (distance 0) and membrane voltages are recorded intracellularly at points as indicated on the upper inset and on expanded scale between the regions A and B. Upper and lower insets are camera lucida drawings. Intervals between successive recording points fall either within a given cell or across an intercellular gap. In the latter case, points were chosen to be at least 5 g from the contact border visible under the light microscope, to allow ample margin of safety for cell overlapping at the contact border (cell extensions do not overlap beyond a fringe zone of 0.8 ~t, as seen under the electron microscope (73) . Ordinates: mean membrane voltage of various successive determinations (see Table  I ); standard error less than 0.3 per cent. Abscissae: distance; bars subtend standard error.
current leakage at an intercellular gap than at the cell surface membrane; all voltage points fall sensibly along a single smooth curve, regardless of whether they are recorded at the edge of an intercellular space. The accuracy of the voltage measurements is high. The standard error of the voltage difference determinations is, in all cases, less than 0.5 per cent. The serious limitation of the method is its low spatial resolving power because of dimpling of the surface under the electrode tip; the distance measurements have an accuracy of 4-5 /~. ~Ihe experiments reveal, in any event, no local variations in leakage along the gland surface. The rela- There is no reason to expect that the resistance of the present cell surface membrane is vastly different, especially since the surface resistance of the gland falls within this range. Since the lower limit for the intercellular space resistance, expressed as surface resistance, is itself about 104 ~ cm ~, the actual magnitude is evidently at least as large as that of the cell surface membrane.
Tracer Experiments
The question of the diffusion resistance along the intercellular space and through the contact membranes was also approached with tracer particles. The choice of a tracer for the present purpose was guided by its particle size, its mobility, and the ease of its detection. We used fluorescein sodium. Fluorescein sodium has a molecular weight of 376. It diffuses readily through cytoplasm and is traceable, by its fluorescence in ultraviolet light, in concentrations as low as 10 -s u.
The glands were isolated and placed in Shen's solution as in the preceding experiments. Approximately 5 X 10 -9 cc of 10 m~ fluorescein were injected into one cell of the gland. This was initially clearly visible as a fluorescent bleb around the micropipette under the microscope. From this bleb, the fluorescence was invariably found to extend in all directions through the cytoplasm of this cell and through the cytoplasms of adjacent cells of the gland. Within 10 to 20 minutes, all cells, except a few near the duct, became fluorescent (Fig. 9) . No fluorescein leaked out to the cell exterior.
To observe possible leakage through the basal or luminar surface of the gland, the gland was moved from time to time to a fresh bath, and the bath scanned for fluorescence. This was a fairly sensitive method: when a cell was punctured experimentally, leaks to the exterior could be detected through single holes of 2 to 5 /~ diameter. In intact cells, fluorescein never appeared in the bathing fluid, nor in the duct fluid. This corroborates for fluorescein what the preceding electrical measurements had shown for ions normally present in the epithelium.
The cell volume (single cell) into which the 5 X 10 -9 cc of fluorescein (10 mM fluorescein in Shen's solution) was injected was about 350 X l0 -9 cc, and the total gland volume about 200 times greater. Thus, the injection of fluorescein must have caused an initial change in osmolarity of the injected cell of less than 0.1 per cent, and, after final dilution into the whole gland, a change of less than 0.0005 per cent. This is the great advantage of fluorescein as a tracer; it is detectable with ease at so low concentrations which have no apparent deleterious effects. In fact, even after repeated injections of fluorescein, we found no signs of cell damage; the cell volume, the cell transparency, and the cell membrane potentials, all appeared unaltered.
The fluorescent yield of fluorescein diminishes with increasing concentration. This is due to resonance effects in between its molecules, and is a general phenomenon in aromatic substances (cf. 52 a). This quenching of fluorescence is visible particularly clearly in the bottom illustration of Fig. 9 . Here the the fluorescence of a given volume of fluorescein is seen increasing from a to j, as the ions dissolve into an increasing cell volume. In the original concentration inside the micropipettes (10 mM), the fluorescence is too feeble to be detected by the photographic film at the exposure times used, and for this reason the outlines of the pipettes are not visible in the figures. To the eye, the fluorescence is, however, clearly visible, which helped us greatly in maneuvering the pipettes inside the cells. Our most striking finding is that ions move rather freely from one epithelial cell to another, but not so from the intercellular space to the exterior. The electrical measurements and fluorescein experiments show clearly that the intercellular space, or at least a part of it, is sealed off from the exterior by a strong barrier. The structure that here immediately suggests itself as a possible barrier is the septate junction on the luminal end of the intercellular space, described in detail in the subsequent paper (73) of this series. At the level of the septate junction, the intercellular space is narrow (150 A) and is interrupted transversely by parallel bridges of structured material, the septa (Fig. 10) . Indeed, an arrangement in which the contact membranes are joined by a long series of septa (there are about BASE C LUMEN FIGURE 10 Scheme of a cell jmlction. C, convoluted region at which cell surfaces interdigitate. S, septate junction at which unit membranes appear joined periodically.
2,000 septa per cell junction) would make an ideal seal, even if the material of which the septa are made had a specific resistance lower than that generally presented by cell surface membranes. Note the absence of fluorescence in the fluid bathing the gland in both cases.
in the cases of renal tubular and pancreatic duct epithelia, pin-point the diffusion barrier for hemoglobin and zymogen at these regions.
The septate junction may well be the only existing seal between intercellular space and exterior. In fact, if the septate junction is also the site of an increase in intercellular permeability (see below), no other seal is required to explain our results. But since our results give proof only of the existence of a path of low resistance at the contact surface of cells, but not of its precise location, we will consider briefly the possibility of a second membrane seal toward the basal side. An arrangement of this kind is pertinent, if the primary path of low resistance is located at a central region of the contact surfaces, for instance, at the convoluted portion. Towards the convoluted portion of the intercellular space (convoluted region), there is no such clear structural candidate for a seal. There, the intercellular gap is often as wide as 450 A, although, at points, the contact membranes are seen to come close together (73) . Whether the membranes merge at such points cannot be ascertained; the contact surfaces are too intertwined, and the surface relations too complex. In any event, there is no continuous structural arrangement demonstrable under the electron microscope, that suggests the presence of a barrier along the basal edge. Another possibility as a barrier is a narrow diffusion path along the intercellular space. But in order to make an effective barrier, such a path, if filled with ordinary extracellular fluids, in addition to being narrow, must, of course, also be much longer in the lumen-to-base direction of current flow (length) than in the dimension parallel to the cell surface membrane (depth). This excludes immediately a continuous intercellular space as a barrier. Given the perimeter of the basal cell face, the base-to-lumen height of the cells, and the length and orientation of the interdigitating cytoplasmic processes, as seen in electron micrographs (73) , a continuous intercellular space in the present case will, in all likelihood, have a length-depth ratio less than 1, and, certainly, not greater than 1. Consequently, if a diffusion barrier exists at all at the convoluted region, one is left with only one possible arrangement, that of a tortuous but continuous commissure of contact membranes forming a long and narrow path in which the depth resistance component amounts to only a negligible fraction of the length component. Another structure to be considered as a possible barrier is the basement membrane. This is the web that envelopes the entire gland and represents the only structural separation between cell membrane and exterior (73) 2 We have systematically explored the surface resistance of the gland in an attempt to see whether there is a resistance component in addition to that of the cell membrane.
In these experiments, we used electrodes of specially fine tips, of the type employed in our nuclear membrane work (36) . One electrode, inserted inside a gland cell, pulsed current continuously across the gland surface, while a second electrode, advancing progressively through the gland surface, recorded the corresponding voltage drops. The recording electrode was driven at a deliberately slow speed with the hydraulic advance mechanism of our micromanipulator. In all cases, only one resistance step was discernible (Fig. 11) . A negative result is, of course, not conelusive. But we should like to point out that the technique has a resolving power much greater than that which one may expect a priori. With this technique we were able to discriminate, for example, a series of two resistances in a pair of overlapping surface membranes, separated by a space not unlike the present one (28) . The possibility of the basement membranes being a diffusion barrier is also unlikely for other reasons. Loose collagen tissue, in general, and basement membranes, in particular, are known to be permeable structures. In basement membranes of capillary endothelia there is evidence for high permeability to ions (cf. 40, @ 49) and even to large molecules (11); and in basement membranes of skin, to ions (67).
INTERGELLULAR PERMEABILITY:
Thelow diffusion resistance for ions found across the cellular contact surfaces may mean two things: (i) The specific membrane resistance, i.e., the resistance of unit area of membrane is lower at the cell contact membrane, or at regions thereof, than at the cell surface membrane. This, an actual increase in permeability, is a good possibility, since the resistance of the contact membrane is so extraordinarily low. In fact, the resistance across a series of contiguous cells did not measure substantially more than in cytoplasm without contact Over a narrow zone of the gland, there are also some fat and additional connective tissue. But this zone encompasses only few cells, which were avoided in our experiments. The zone is easily distinguished under the light microscope by its lack of transparency. membranes. (ii) T h e specific m e m b r a n e resistance is similar at all cell surfaces, but the total area of m e m b r a n e over which the resistance is measured is very m u c h larger at the contact surface than at the outer surface. Electron micrographs show that the cell surface m e m b r a n e and, particularly, the contact membranes are infolded. T h e total area of contact m e m b r a n e m a y well be larger than that of the cell surface membrane. But the question is whether the difference is large enough to account for the observed value of resistance. An acthe basis of a surface expansion, the condition is that the contact surface be enlarged by at least 5 orders of magnitude. T h e electron microscope reveals the convoluted junction to consist of cell extensions, finger-like, and laminar projections up to 0.4 # long (most are shorter) (73) . T h e distance between the membranes of a given extension ranges from 1,400 to 8,500 A, and the intercellular space between extensions, from less t h a n 100 to 450 A. All surface packing occurs within a limiting zone of 1 #; this is the zone along the cell perimeter FmtmE 11 Surface barrier. Current pulses (upper beam) of constant strength (7 X 10 -s amp) are passed continuously between an intracellular microelectrode and the cell exterior. The membrane potential (lower beam) is recorded between a reference electrode in the extracellular fluid and a second microelectrode advancing progressively in the direction cell exterior-interior. The crossing of the cell boundary by the electrode (arrow) coincides with the abrupt appearance of the resting potential and of large voltage pulses across a surface resistance which is ~8 K~ in this case. Note that there is only a single resistance step at the gland cell surface.
curate estimation of the area of contact m e m b r a n e cannot be made; the surface relations are too intricate. But one can estimate an upper limit of the contact area. This allows one to decide between the two possibilities. A m e m b r a n e wrapped straight around the contact surface of the cell would have an area of the order of 10 -4 cm~; and, with a specific resistance of the order of l04 f~ cm 2 as that of the surface of the epithelium, would offer a resistance of the order of 10 s fL T h e actual resistance measured across the contact m e m b r a n e is l03 f/. Hence, to account for this resistance on beyond which clearly no extensions occur. Thus, in the most efficient surface p a c k i n g --o n e extension lying next to the o t h e r --t h e upper limit of contained surface lies between 10 -4 and 10 -~ cm ~. This fails short of the required surface by 4 to 5 orders of magnitude. To illustrate this further, consider the cases of laminar or finger-like packing in which there is a m e m b r a n e every 100 A, a packing so dense that there is virtually neither cytoplasm inside nor gap between extensions. Even in such an absurdly close packing, the area falls short by 2 orders of magnitude, It is clear, therefore,
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that the specific cell membrane resistance is lowered at the contact surfaces. The large contact area may contribute to some extent to the low (effective) resistance, but the essential and novel point is that the actual permeability of the cell membrane is markedly changed at the zones of contact. The difference in permeability is, at least, of four orders of magnitude; while the upper limit of conductance for the cell surface membrane is of the order of 10 -4 mho/cm 2, the lower limit for the contact membranes is of the order of 10 mho/cm ~ The same conclusion follows from a similar line of reasoning applied to the results on attenuation of membrane voltage (Fig. 5) . This, of course, constitutes no basic independent evidence if the model of Fig. 4 is taken to apply. But it is nonetheless satisfying that two different kinds of measurement yield the same result.
A change in membrane permeability implies a special modification in the build-up of the surface membrane. A possible site is the septate junction at which the surface strncture, as given by electron micrographs, is evidently modified and where the intercellular gap is smallest (73) . One may speculate, for instance, that the "septa" circumscribe diffusion channels in the cell-to-cell direction across the intercellular space. An important point in this connection, which is still unclear, is whether the "septa" are continuous belts along the cell perimeter. If they are continuous, one may possibly think of the septate junction as an alternating sequence of materials of low and high resistivity. Indeed, an arrangement of this sort would make a good ionic coupling device. In the cellto-cell direction of ion flow, there are many inparallel channels which will lower the diffusion resistance, while in the direction of intercellular space to exterior, there is a long series of barriers. This arrangement would provide a diffusion path as well as a seal. A coupling of this kind implies either that the resistivity of the material in the intercellular space between septa be low, while that of the electron dense septa be relatively high (although not necessarily as high as that of unit membranes); or the reverse. If, on the other hand, the "septa" are pin-like structures, an attractive picture that suggests itself is that of pins with a core of low resistivity coated with a material of high resistivity. In an arrangement of this kind, each "septa pin" may be an aqueous channel sheathed in a circumferential diffusion barrier, after the pattern of, for example, simple liquidcrystalline phases of certain phospholipids, in which molecules appear oriented at certain temperatures in hexagonal arrays of cylinders with central water channels (38 a, 61 a) . A coupling device of this sort again provides many in-parallel diffusion channels and a diffusion barrier to the intercellular space. But it differs in a major aspect from the coupling type with continuous "septa." The barrier is not necessarily continuous in the base-to-lumen direction of the intercellular space. It is only a continuous barrier for diffusion between the intercellular channels and the intercellular space (and exterior); and this is the only absolute condition for a barrier set by the results of the present work. It seems fruitless to pursue these speculations into the molecular aspects of membrane permeability at cell junctions until more evidence is available on this point and on the wider problem of the molecular build-up of membranes in general. But it is noteworthy that front views of the septate junction show regular patterns suggesting a polygonal or circular unit array (see Fig. 9 of the subsequent paper of this series) whose dimensions fall within the range of the arrays of the aforementioned lipid-water phases; and which may be compared with the arrays described by Sj6strand in mitochondrial and certain intracellullar membranes (60 a) and by Robertson in synaptic junctions of the Mauthner cell (55 b). It should be rewarding, perhaps, even in sight of the wider problem, to expend further effort in studies of birefringence and of electron and x-ray diffraction of close membrane junctions.
Other regions of the contact surface at which there is visible modification of the surface membrane under the electron microscope, and which, therefore, may suggest themselves as sites of modified membrane permeability, are the desmosomelike structures in the convoluted contact surface. Although there is nothing in our results to exclude this, it seems to us not a likely possibility, in view of the results of Kuffler and Potter (34) (ro), is high and rather similar in most cell systems.
The degree of cell-to-cell coupling depends thus chiefly on the resistance of the contact membrane (re) and the resistance along the intercellular space (rs). Good coupling requires a low re and a relatively high r,. A high re may result from close membrane apposition (maximal r, in this case obtains when the intercellular space is absent), or from occlusion of part of the intercellular space by material of high electrical resistivity (not necessarily recognizable under the electron microscope). The size of the intercellular gap is, therefore, alone not a deciding factor in determining the degree of electrical coupling. This should be realized when one tries to identify an electrically coupled junction on the basis of morphological criteria. Proximity between contact membranes is, of course, in all likelihood, a general morphological feature of electrically coupled junctions, but not necessarily an exclusive one. The second condition, a low rc value, may result from a low specific resistance of the contact membranes, an enlargement of contact membrane area, or a combination of both. Strong coupling is likely to be always associated with a low specific resistance, since, as in the present junction and discussed above, the area of contact membrane is generally not large enough for the required lowering of r,. Recognition of variations in specific membrane resistance is, at this time, beyond the reach of the electron microscope. Thus, the only safe criterion for identification of an electrically coupled junction, and one that at this stage defines best such a junction, is provided by determination of resistance to ion flow. This resistance is particularly small in the present epithelial junction in which ions move nearly as freely as in protoplasma. Here both, a low specific resistance and a large area of contact membrane concur in making a strong coupling. In the two other epithelia heretofore examined, the salivary gland epithelium of Chironomids and the urinary bladder of toad, electrical coupling is present, but is not so strong. In the former, the coupling ratio VB/VA of adjacent cells (see equation 1 and Fig. 4 ) averages 0.79 (early developmental stages) (Higashino and Loewenstein, unpublished) and in the latter, about 0.7 (Kanno and Loewenstein, unpublished), as against 0.96 in the present epithelium. These weaker couplings are in both cases paralleled by smaller areas of contact. A cell junction which elucidates the influence of rc and r8 particularly well, is the junction that forms during division of an egg cell (Asterias).
In this case rc increases progressively and rs decreases in the process of junction formation, and concomitantly the coupling goes through all stages, from free cell-to-cell diffusion to virtual loss of coupling (1). SOME GENERAL IMPLICATIONS:
In the present epithelial cell associations, cells communicate rather freely with each other, at least so far as some of their ions are concerned. The organ here, rather than the single cell, is the unit of ion environment. This qualification of classical cell theory came as an unexpected side-product of our work. Probably the functional adaptation here is one that allows the cell system to work in concert.
Functional control in such a system may possibly be exerted through direct cell-to-cell diffusion of genetic and other factors, with economy of external nervous or humoral controls. The free communication between cells may also be at the root of a number of propagated phenomena known to occur in epithelia upon injury, inflammation, infection etc. (cf. 26) .
How general the ionic cell communication is remains to be seen in future experiments. Morphologically tight junctions are certainly abundant. Apart from salivary gland cells, they are found in cells of mucosae, pancreas, kidney, mesothelia, to name only a few (cf. 10). They are also found in cells of smooth and cardiac muscle (9 a, 5 a, 7 a, 59, 60, 72 a, 75 a). It may not be too risky, therefore, to foresee ion communication as a widespread property of cell association. The degree of electrical coupling may vary, of course, from system to system, depending on the factors analyzed above. The nerve and striated muscle cells, with their wide intercellular spaces and lack of electrical coupling, are probably the exceptions rather than the rule.
APPENDIX
The potential along the gland can be treated by the standard methods of transmission line analysis. Thus, for the present case, the standald expression will be derived for the distribution of potential across a thin insulating sheath bounding a core conductor of finite length. The potential arises from a steady current flowing between an internal electrode at one end of the core and the external medium, assumed a perfect conductor at ground potential. T h e core is taken to have a uniform crosssection whose diameter is m u c h smaller than the space constant of the longitudinal potential distribution. T h e distal end of the core conductor is assumed to be insulated from the surrounding medium. V Potential difference across the insulating sheath at an arbitrary point along the length x Position along the length of the core conductor measured in cm from the current electrode
Vo
The value of V at the current source (x = 0) I Current traversing the core conductor at an arbitrary point
Io
Total current flowing into the core from the internal electrode L Length of the core conductor r,.
Resistance of unit length of the insulating sheath, in ~2 cm ri Resistance per unit length of the core conductor, in f~ cm -I Rm Specific resistance of the sheath, in f~ cm 2 Ri Specific resistance of the conducting core, in Q cm U p o n establishment of a steady current from the internal electrode, the potential gradient along the core is: 
